The zebrafish perplexed mutation disrupts cell proliferation and differentiation during retinal development. In addition, growth and morphogenesis of the tectum, jaw, and pectoral fins are also affected. Positional cloning was used to identify a mutation in the carbamoyl-phosphate synthetase2-aspartate transcarbamylase-dihydroorotase (cad) gene as possibly causative of the perplexed mutation and this was confirmed by gene knockdown and pyrimidine rescue experiments. CAD is required for de novo biosynthesis of pyrimidines that are required for DNA, RNA, and UDP-dependent protein glycosylation. Developmental studies of several vertebrate species showed high levels of cad expression in tissues where mutant phenotypes were observed. Confocal time-lapse analysis of perplexed retinal cells in vivo showed a near doubling of the cell cycle period length. We also compared the perplexed mutation with mutations that affect either DNA synthesis or UDPdependent protein glycosylation. Cumulatively, our results suggest an essential role for CAD in facilitating proliferation and differentiation events in a tissue-specific manner during vertebrate development. Both de novo DNA synthesis and UDP-dependent protein glycosylation are important for the perplexed phenotypes.
W E have used a forward genetic approach in zebraization (dpf). Our previous analyses indicated that the perplexed gene is essential for the transition from a proliferafish to identify and study genes essential for retinal development. The neural retina of zebrafish, as in tive to a postmitotic state within the neural retina. Elevated cell death was observed at the time when retinal progeniother vertebrates, arises from neuroepithelial cells that line the optic cup. All of these elongated cells rapidly tor cells normally begin to withdraw from the cell cycle. In addition, retinal differentiation and morphogenesis divide through multiple rounds of mitosis before the were dramatically diminished in surviving cells within first group of progenitor cells leaves the cell cycle. At perplexed retinas. Genetic mosaic analysis indicated that the time of cell cycle exit, retinal progenitor cells unthe mutation is non-cell autonomous for both survival dergo cell type fate decisions, initiate postmitotic cell and differentiation. As part of this study, we have used migration, and begin to differentiate into one of the positional cloning and other experiments to identify seven major cell types found in vertebrate retinas (re- and confirm that a mutation in the gene encoding the viewed in Ohnuma et al. 2001; Levine and Green 2004) .
trifunctional enzyme carbamoyl-phosphate synthetase2-In fish and other ectothermic vertebrates, the retina aspartate transcarbamylase-dihydroorotase (CAD) is recontinues to grow throughout larval development from sponsible for the perplexed phenotypes. a population of slowly proliferating stem cells found at CAD is the rate-limiting enzyme for de novo biosynthesis the outer margin of the neural retina. Fundamental of pyrimidine-based nucleotides and catalyzes the first questions in retinal development, and developmental three steps in de novo pyrimidine biosynthesis (reviewed biology in general, center on the coordination of cell in Jones 1980; Figure 1 ). Utilizing ATP, CAD converts proliferation, cell cycle exit, and differentiation of proglutamine and bicarbonate to dihydroorotate for the progenitor cells.
duction of orotate. Orotate is then rapidly converted to The perplexed mutation was identified in a genetic screen uridine-5Ј-diphosphate (UDP), which is a precursor for for ethylnitrosourea (ENU)-induced mutants that showed production of cytosine-and thymine-based nucleotides disrupted retinal lamination in the absence of gross emand ultimately RNA and DNA synthesis. UDP is also a bryological defects (Link et al. 2001) . Embryos homozyprecursor of UDP-sugar intermediates, which are required gous for the perplexed mutation have small eyes and a for post-translational modification of many proteins. The reduced tectum and die between 8 and 12 days postfertilfunction of CAD, therefore, is important for both de novo RNA and DNA synthesis and for specific types of protein glycosylation. In most cells, UDP and other nucleotides types of perplexed by comparing cad mutants to embryos with mutations in other genes required for either nucleotide synthesis or UDP glycosylation. Cumulatively, our results suggest an essential and complex role for CAD in facilitating proliferation and differentiation events in a tissue-specific manner during vertebrate development.
Our observations are consistent with the hypothesis that basic metabolic pathways are key targets of regulatory signals essential for coordinating cellular proliferation and differentiation during development.
MATERIALS AND METHODS

Mutant alleles:
The following mutant alleles were used in this study ( Figure 1. -Illustration of the role of the carbamoyl-phosfish and the mutant line was propagated by repeated AB outphate synthetase2-aspartate transcarbamylase-dihydroorotase crossings (Link et al. 2001) . Since meiotic recombination rates enzyme (CAD) in de novo biosynthesis of dihydroorotate (DHO) are lower in male zebrafish compared to those in females, the and its rapid conversion to uridine diphosphate (UDP). CAD use of male meiosis is favorable for bulked segregant analysis utilizes glutamine (Gln), adenosine triphosphate (ATP), and to identify on which chromosome the mutation is located bicarbonate (HCO Ϫ 3 ) to synthesize DHO. All reactions take (Singer et al. 2002) . A mapping panel to maximize the inforplace in the cell cytoplasm except for that of dihydroorotate mation content of the male parent was generated by outcrossdehydrogenase (DHO-DHase), which occurs at the mitochoning an AB ϩ/perplexed fish with a TL ϩ/ϩ fish and then backdria inner membrane (IM). Loss of CAD activity can affect crossing a resulting TL ϩ/perplexed heterozygous male with an DNA/RNA nucleotide biosynthesis as well as UDP-dependent AB ϩ/perplexed female. Genomic DNA was isolated from homozyprotein glycosylation events.
gous perplexed mutant embryos and wild-type siblings and two pools of 20 mutant and 20 wild-type embryos were used for bulked segregant analysis. Simple sequence-length polymorphism markers (Knapik et al. 1998; Shimoda et al. 1999 In Drosophila, a mutation in CAD-rudimentary-was linkage mapping, new mapping panels informative for recomamong the first described by Thomas Hunt Morgan bination in the female parents were generated. AB ϩ/perplexed and was used for discovering meiotic recombination fish were outcrossed to WIK ϩ/ϩ fish and resulting WIK ϩ/ perplexed were mated to AB ϩ/perplexed to generate homozy- (Morgan 1913; Sturtevant 1913) . Flies with the rudigous perplexed mutants for fine mapping. Fluorescent primers mentary mutation show malformed and reduced wings (Proligo, Boulder, CO) were designed for markers z8150 and as well as female sterility (Morgan 1911 (Morgan , 1915 have further analyzed the retinal and nonretinal pheno-Candidate gene search: Candidate genes within the perplexed Riboprobes and in situ hybridization: Localization of mRNA in zebrafish was performed on whole embryos ( Jowett and critical region were identified using GENSCAN (http:/ /genes. mit.edu/GENSCAN.html). Total RNA was isolated from pools Lettice 1994). For chicken and mouse, in situ hydridization was performed on paraffin-sectioned embryos as described in of 100 perplexed and wild-type embryos using a VERSAGENE RNA purification kit (Gentra Systems, Minneapolis) and cDNA Lee et al. (2005) . Digoxegenin-labeled cRNA probes corresponding to the following regions of cDNA were used: zebrasynthesized using oligo(dT) and SuperScript II as described by the manufacturer (Invitrogen, Carlsbad, CA). The fullfish, 6365-7000 bp, accession no. AY880246; chicken, 43-3043 bp, accession no. XM_426217; and mouse, 6139-6930 bp, length ORF representing the cad gene was amplified using primers (forward, 5Ј-AGGGACAGCATGCTATTTGG-3Ј; reaccession no. NM_023525. Transgenesis and time-lapse microscopy: Wild-type or perverse, 5Ј-TGGTCCCAATTGGATAGGAA-3Ј) and AccuPrime Taq polymerase as described by the manufacturer (Invitrogen).
plexed mutant embryos were injected at the one-to four-cell stage with ‫51ف‬ nl of 50 ng/l circular plasmid DNA encoding Amplified products were cloned, sequenced, and analyzed for potential mutations. The identified T-to-G transversion histoneH2B::green fluorescent protein (GFP) fusion protein (Kö ster and Fraser 2001). Embryos were grown in PTU to introduces an AvaII restriction enzyme site, which was subsequently used to confirm that the mutation was present in block pigment synthesis. At 32-34 hpf, embryos were anesthetized with 0.05% Tricane and embedded in 1.0% low-melt agagenomic DNA from perplexed embryos.
Orotic acid and uridine rescue: The sodium salts of orotic rose. Fish were oriented on their side within a 35-mm 2 culture dish (P35G-1.5-10-C; MatTek, Ashland, MA). Cells labeled with acid (no. O3000) and uridine (no. U0750) were obtained from Sigma (St. Louis). Stock solutions made in embryo medium the transgene were then imaged with a Nikon C1 confocal microscope for 15-20 hr. Z-sections (40 m total depth) were (Westerfield 1995) and 50 nl of various concentrations (1 m-10 mm) were injected into the yolk sack of developing collected every 12 min. This time was determined empirically to be sufficient to capture M-phase for each cell. Temperature wild-type and perplexed embryos at 20 hr postfertilization (hpf). Partial rescue of eye, jaw, and fin development was observed was maintained throughout all experiments at 28.5Њ using a stage incubator. at a minimal concentration of 1 m for orotic acid and 100 m for uridine. Concentrations Ͼ1000 m resulted in early Cell cycle analysis: Image planes from confocal time-lapse microscopy were converted from IDS to ND format using developmental lethality. To evaluate retinal histology, embryos were fixed in 4% paraformaldehyde at 72 hpf and processed Metamorph Imaging software (Universal Imaging, Philadelphia). These data were then arrayed by time and z-plane using for cryosectioning. Sections were mounted on glass slides and the multidimensional analysis tool suite. Individual cells were nuclei were stained with Hoechst 33258 (0.5 g/ml in PBS).
followed from M-phase to M-phase. M-phase was easily viewed Morpholino antisense knockdown: We designed three indeby the condensed and elongated nature of the chromatin. pendent morpholino (MO) antisense oligonucleotides (Gene The time required for this was recorded as the total cell cycle Tools, Philomath, OR) to the zebrafish cad gene. CADMO1
period. If a cell underwent apoptosis, as evident by DNA frag-(TTAATTTTCACTTACCAACTTCACC) overlapped exon 1 mentation, the latency from the last M-phase was recorded. donor sequence and was used at 40 m. CADMO2 (AAACA In all, we quantified the cell cycle period or latency to cell AAAATAAACCTTGCTGAGTC) overlapped exon 2 donor sedeath for n ϭ 26 perplexed retinoblasts (four time-lapse experiquence and was used at 30 m. CADMO3 (TAAAGATGCCA ments) and n ϭ 27 wild-type retinoblasts (three time-lapse TTTTCAGCGACATG) overlapped the ATG start site and was experiments). used at 200 m. These oligonucleotides were diluted in sterile water with 0.02% phenol red for visualization purposes and 15 nl was injected into one-or two-cell stage wild-type embryos. As controls, standard control morpholino (GeneTools) was in-RESULTS jected at equivalent concentrations. To confirm efficacy of splicing inhibition, a subset of embryos injected with MO1 and Zebrafish embryos with the perplexed mutation show re- that spanned the entire critical region between z13672
Alcian blue cartilage staining: PTU-treated embryos ‫)51ف(‬ and z8164 (Figure 2A ). Genscan analysis of this region were placed in 1.5-ml plastic centrifuge tubes and fixed in 1 revealed two potential candidate genes, a selective LIMml of 3.7% neutral buffered formaldehyde at room temperature for 2 hr. Embryos were then rinsed in PBS and transferred binding factor homolog and cad. Cloning and sequencing M1283 in the carbamoyl-phosphate synthetase 2 domain Finally, a recently reported insertional mutagenesis screen in zebrafish described a retroviral insertion into of cad revealed that this methionine is conserved from humans to Caenorhabditis elegans (Figure 2 , B and C).
the cad locus (Amsterdam et al. 2004) . We obtained this line, hi2694, for phenotype analysis and compleTo confirm that the M1283R mutation in cad was responsible for the perplexed phenotype, we designed mentation tests. Embryos homozygous for the hi2694 allele showed a phenotype indistinguishable from the antisense oligonucleotides ("morpholinos") to either disrupt pre-mRNA splicing or block translation (Naseviperplexed embryos and pairwise crosses between perplexed and hi2694 heterozygotes were noncomplementing for cius and Ekker 2000; Draper et al. 2001) . Wild-type embryos injected with any of these morpholinos phenothe mutant phenotype. Cumulatively, these data demonstrate that a loss-of-function mutation in cad is responsicopied the perplexed mutation (Figure 3 ). Whole-embryo morphology and retinal histology show the similarities ble for the perplexed phenotype. The ability of supplied orotic acid or uridine to rescue perplexed mutant phenobetween perplexed and CAD morphant embryos. To further test whether the mutation in cad is responsible for types also explains the non-cell-autonomous nature of the perplexed mutation. When mutant cells are placed the perplexed phenotype, we attempted to rescue the phenotype by providing pyrimidine nucleotide precurwithin a wild-type environment, the compounds downstream of CAD provide substrates for UDP synthesis sors that are in the de novo biosynthetic pathway, but downstream of CAD. Injection of either orotic acid or within the perplexed cells. Orotic acid and uridine can be taken up by adjacent cells through free diffusion, by uridine into 24-hpf mutant embryos was able to rescue the retinal defects of the perplexed mutation as judged specific transporters, or via gap junctions depending on cell type and local concentration (Anderson and by eye size and plexiform layer formation (Figure 4) . Partial rescue of jaw and fin morphogenesis was also Parkinson 1997).
In addition to showing reduced eye and tectal size, noted. Neither of the compounds had an effect on the development of wild-type embryos (data not shown).
perplexed embryos also show dismorphic and reduced fins as well as malformed jaw structures. However, other to jaw structures, and within the developing fin buds. Moderate levels of cad expression are found within the aspects of embryogenesis appear normal. To explore the tissue specificity of the perplexed phenotype, we invesliver, pancreas, and intestine at 3-4 dpf, a time when cad expression in the tectum, retina, and branchial arches has tigated the developmental expression of cad mRNA. We found that cad transcripts were provided to the egg been downregulated. Overall, high levels of cad expression correspond to cells undergoing rapid proliferation maternally ( Figure 5 ). When zygotic transcription begins in zebrafish (‫-215ف‬cell stage), cad expression is not or initiating differentiation, consistent with the dismorphic phenotypes of perplexed mutants. spatially restricted. However, by the 18-somite stage, cad mRNA expression is downregulated in the posterior To address whether the cad expression pattern in zebrafish is conserved in other vertebrates, we examined localregion of the embryo and upregulated in the CNS with particularly high expression levels in the retina and ization of cad transcripts by in situ hybridization in chicken and mouse embryo sections. Similar to zebratectum. This trend continues until ‫63ف‬ hpf. At this time, expression within the eyes and tectum becomes fish, the retina and tectum of chicken and mouse embryos showed high levels of expression during proliferarestricted to cells within the proliferative germinal zones. By 48 hpf, transcripts for cad become prominent tive stages, with subsequent decreases following cell cycle exit. At the early developmental times, before cell within the branchial arch regions, which will give rise we used a time-lapse imaging technique to directly measure cell cycle parameters in living embryos. To label cells for imaging, wild-type or mutant embryos were injected at the one-to four-cell stage with a plasmid encoding a fusion protein of histone H2B and GFP (Kö ster and Fraser 2001). This manipulation allows for mosaic expression of the transgene, such that individual cells can be followed from mitosis to mitosis via confocal time-lapse microscopy. Figure 7 shows a time series of either a wild-type ( Figure 7A ) or a perplexed ( Figure 7B ) retinal neuroepithelial cell completing one full cell cycle. In vertebrate neuroepithelial cells, the nucleus moves from the apical to basal surface-a behavior known as interkinetic nuclear migration. Our time-lapse analyses demonstrate that the average cell cycle period of perplexed retinal cells was twice as long as that of wild-type retinal cells (Table 1 ). Interkinetic nuclear migration slowed proportionately to the cell cycle delay in perplexed, but no differences in M-phase kinetics were noted. We also calculated the proportion of dying cells and the latency from M-phase to nucleus fragmentation. No cell death was observed in GFP-labeled wild-type cells, consistent with the low levels of normal apoptosis which is required for both DNA synthesis and posttranslational modification. To address whether disruption of one or the other of these pathways was more or cycle exit has commenced in zebrafish, chick, or mouse, less responsible for the perplexed phenotype we analyzed cad expression was uniform across the neural retina (Figseveral additional zebrafish mutants, all of which had ure 6, A-C). In the 84-hpf zebrafish retina, cad expresbeen produced by retroviral insertion (Table 2 ) (Golsion was maintained in the marginal zone where retiling et al. 2002; Amsterdam et al. 2004) . The mutant noblasts continue to proliferate ( Figure 6D ). In the stage hi688 has an insertion in ribonucleotide reductase R2 (Gol-38 chick retina, when lamination has been established, cad ling et al. 2002) . The other mutant, hi3510, has an expression has been downregulated uniformly ( ribonucleotides. Therefore, ribonucleotide reductase Several studies in cell culture have suggested an improvides the only source of precursor nucleotidesportant role for pyrimidine nucleotides in modulating from either de novo or salvage pathways-for DNA synthe rate of cell proliferation (Huisman et al. 1979; Colthesis (Jordan and Reichard 1998) . Thymidylate synquhoun and Newsholme 1997; Sigoillot et al. 2004) .
thase catalyzes the methylation of dUMP to dTMP and In addition, the activity of CAD is modulated throughis essential for de novo synthesis of thymidine, which is out the cell cycle with the highest activities found in also essential for DNA synthesis. S-phase (Morford et al. 1994; Sigoillot et al. 2002, To examine if the lack of nucleotides for DNA synthe-2003). Our previous studies with the perplexed mutation sis was likely to be the main cause of the perplexed phenoshowed that the proportion of retinal cells in S-phase types, particularly given the extent to which the cell was dramatically increased at a time when retinal cells cycle in retinal cells was affected, we examined developin wild-type embryos were postmitotic. This result could ment in these mutants. The ribonucleotide reductase R2 be due to either an increased cell cycle period or a delay in cell cycle exit of retinal progenitors. To address this, mutant showed very severe deficits and early embryonic Figure 6 .-High levels of cad expression in zebrafish, chick, and mouse retinas. Proliferative stages of retinal development were analyzed for cad expression in (A) zebrafish, 24 hpf; (B) chick, stage 22; and (C) albino mouse, embryonic day 11. Postmitotic stages of retinal development were also analyzed for cad expression in (D) zebrafish, 84 hpf (note the high level of expression in the proliferative retinal marginal zone, arrowheads); (E) chick, stage 38; and (F) mouse, postnatal day 3. Asterisks denote a high level of expression in the inner nuclear layer at this time. Basal surface is to the right and apical is to the left. Reduced pigmentation in D was due to use of phenylthiourea, which blocks pigment synthesis in zebrafish. Reduced pigmentation facilitated assessment of gene expression in the retinal pigment epithelium. lethality and could not be analyzed further. Thymidylate ral insertion in the UDP-glucuronic acid/UDP-N-acetylgalactosamine dual transporter had normal eye size and synthase mutants, which affect de novo DNA synthesis, but not UDP-dependent glycosylation, show reduced retinal differentiation ( Figure 8D ). However, cartilage differentiation and jaw morphogenesis was disrupted. eye size. Interestingly, retinal lamination and differentiation appear normal as compared to that in perplexed In particular, Alcian blue staining was severely reduced and Meckel's cartilage and the ethmoid plate appeared retinas (Figure 8 ). To assay jaw and fin formation and differentiation, Alcian blue cartilage staining and histoabsent ( Figure 9D ). Fin development was not affected by mutations in this nucleotide-sugar transporter. Norlogical inspections were conducted (Figure 9 ). Thymidylate synthase mutants showed normal jaw structures and mal eye and fin morphology, but similarly disrupted jaw development, was observed in mutants for UDPfin morphogenesis ( Figure 9C ). In contrast, perplexed embryos showed severe dismorphogenesis of the jaws glucuronic acid decarboxylase. Together these data suggest that defects in both de and fins ( Figure 9D ). The overall staining intensity of Alcian blue was reduced in perplexed and notably absent novo nucleotide synthesis and UDP-dependent protein glycosylation contribute to the perplexed phenotypes. Spewere Meckel's, cleithrum, and hyosymplectic cartilage.
To examine the role of UDP-dependent glycosylation cifically, decreased retinal precursor cell proliferation is likely due to low levels of nucleotides required for DNA we analyzed the hi3378 mutant, which lacks the UDPglucuronic acid/UDP-N-acetylgalactosamine dual transsynthesis as both cad and thymidylate synthase mutants show reduced retinal size. The retinal lamination and differporter. This transporter is part of a large family of nucleotide sugar transporters, where each member has entiation phenotypes of perplexed, however, are more likely to be caused by pathways other than DNA synthesis specificity for a particular nucleotide-sugar compound (Bulter and Elling 1999). In humans there are five because thymidylate synthase mutants show normal retinal lamination and cellular differentiation. The jaw defects UDP-sugar transporters (Ishida and Kawakita 2004) . Mutations in these transporters prevent the movement in perplexed can be attributed to UDP-dependent protein glycosylation, as mutants that affect subsets of this postof the nucleotide-sugar intermediates from the cytoplasm to the Golgi apparatus and therefore block a translational modification pathway show defects in jaw development. Cumulatively, our comparison of multiple subset of UDP-dependent glycosylation events. We also investigated hi954, which has a mutation in the UDPmutants suggests that the perplexed phenotype is complex and not simply due to a generalized decrease in de novo glucuronic acid decarboxylase gene. This enzyme is required for the conversion of UDP-glucuronic acid to pyrimidine biosynthesis. Instead, the defects of perplexed are due to the misregulation of UDP, which impinges UDP xylose, which is used for synthesis of numerous glycoconjugates abundant in the extracellular matrix on several critical pathways that have tissue-specific consequences. and on cell surfaces. Embryos homozygous for a retrovi- ative for the perplexed phenotypes. Similar phenotypes between cad morphants (embryos in which cad was inhibited by antisense oligonucleotides) and hi2694 (a retroviral insertional mutant in the first exon of cad) strongly suggest that the perplexed mutation results in loss-of-function for CAD activity. The tissue specificity of the perplexed mutation can be explained by the high levels of gene expression in the tissues that display dismorphic phenotypes. The Drosophila cad mutation and our analysis of cad expression in other vertebrates suggest that a tissue-enhanced developmental expression of this gene is conserved through evolution. Our analyses also suggest that the utilization of products of de novo pyrimidine biosynthesis may differ between different cell types. Comparative analysis of mutations that differentially affect either de novo nucleotide synthesis or UDP-dependent glycosylation suggests that retinal development requires de novo nucleotide synthesis for proliferation and UDP-dependent glycosylation for differentiation. Jaw development does not appear to require de novo nucleotide synthesis, but is dependent on the role of CAD in facilitating glycosylation. Although DNA/RNA synthesis and UDP-dependent glyco- an important role for CAD in cell proliferation. Retinoblasts with the perplexed mutation required twice as long to complete one cell cycle and also showed increased DISCUSSION cell death. One possibility for the increase in cell death The perplexed mutation in zebrafish affects cell prolifmight be due to a lack of pyrimidine nucleotides reeration and differentiation in a tissue-restricted manner.
quired for S-phase and a subsequent induction of a Specifically, retinal, tectal, jaw, and fin morphogenesis checkpoint arrest, which activates apoptosis. Alternais affected. Using positional cloning techniques we have tively, activation of apoptotic pathways may be more direct identified a missense mutation within the carbamoyl as recent studies have indicated that CAD is a target for phosphate synthetase 2 domain of the cad gene in percaspase-mediated degradation during cell death and loss plexed embryos. Targeted gene knockdown and pyrimiof CAD activity, therefore, facilitates apoptosis (Huang et al. 2002) . dine rescue experiments confirmed this mutation as caus- Observations with perplexed described here are consiswas found to be a direct target of mitogen-activated tent with previous studies that have implicated CAD protein (MAP) kinases. The MAP kinase Erk2 was found as a key target of signaling pathways that regulate cell to phosphorylate CAD and increase its enzymatic activity proliferation and differentiation (reviewed in Huang (Graves et al. 2000) . Direct phosphorylation of CAD and Graves 2003). For example, in cell culture CAD by protein kinase A (PKA) was also found to correlate with increased activity (Carrey et al. 1985; Sigoillot et al. 2002) . Interestingly, PKA phosphorylation also rendered CAD more susceptible to degradation, suggesting by the observation that CAD activity is upregulated in multiple cancer cell lines (Kizaki et al. 1980; Aoki and Weber 1981; Sigoillot et al. 2004 expression is nearly extinguished (Rao et al. 1987) . Com- null mutation in brg1 (Link et al. 2000; Gregg et al. 3735-3742. 2003). Furthermore, this mutation inhibits a wave of
